Purpose of Review The long-lived HIV reservoir remains a major obstacle for an HIV cure. Current techniques to analyze this reservoir are generally population-based. We highlight recent developments in methods visualizing HIV, which offer a different, complementary view, and provide indispensable information for cure strategy development. Recent Findings Recent advances in fluorescence in situ hybridization techniques enabled key developments in reservoir visualization. Flow cytometric detection of HIV mRNAs, concurrently with proteins, provides a high-throughput approach to study the reservoir on a single-cell level. On a tissue level, key spatial information can be obtained detecting viral RNA and DNA in situ by fluorescence microscopy. At total-body level, advancements in non-invasive immuno-positron emission tomography (PET) detection of HIV proteins may allow an encompassing view of HIV reservoir sites. Summary HIV imaging approaches provide important, complementary information regarding the size, phenotype, and localization of the HIV reservoir. Visualizing the reservoir may contribute to the design, assessment, and monitoring of HIV cure strategies in vitro and in vivo.
Introduction
Despite the tremendous success of antiretroviral therapy (ART), HIV persists in infected subjects predominantly in rare latently infected CD4+ T cells [1] [2] [3] . Life-long ART is necessary, as treatment interruption would allow virus to rebound from this pool of cells and plasma viral load to return to pre-ART levels [4] . Broadly, an HIV cure may be achieved by either complete eradication of the HIV reservoir from the body (known as a sterilizing cure) or a long-term control of HIV replication without ART (functional cure) [5] . Recent cure strategies have mainly focused on the "shock/kick and kill" strategy whereby HIV is reactivated from its latent state using latency-reversing agents (LRAs). This is followed by the death of the infected cell, due to the cytopathic effects of HIV itself or killing by the host's own immune system. However, despite initial promise, LRA-based strategies have shown limited success in clinical trials [6] , suggesting that additional information regarding the HIV reservoir and alternative approaches are required to help rationally design effective cure strategies.
In this context, a more detailed understanding of such viral reservoirs is required. Firstly, a better understanding of the distribution of the HIV reservoir at both the cellular and anatomic level is essential. This will help guide treatment agents that can efficiently target the various cell types and penetrate the different organs that harbor HIV. Secondly, although a substantial fraction of CD4+ T cells of HIV-infected subjects on ART harbor integrated HIV DNA (~600 copies/million resting CD4+ T cells [7] ), the majority of integrated proviral sequences (~90-95%) are defective and not able to produce infectious viral particles (defined as replication-competent virus) [8, 9] . Thus, the specific detection of the HIV-infected cells containing a provirus that is able to transcribe viral RNA (vRNA, transcription-competent reservoir), translate This article is part of the Topical Collection on HIV Pathogenesis and Treatment proteins (translation-competent reservoir), and/or is replication-competent is of critical importance. Lastly, potential cure therapies need to be monitored for their effectiveness in decreasing the size of the viral reservoir in vitro and in vivo. Therefore, the size of these HIV reservoirs needs to be evaluated longitudinally by techniques that are scalable in the context of clinical trials for cure strategies.
Looking Beyond Classical Reservoir Measures
Multiple techniques have been developed to quantify and characterize the HIV reservoir. PCR-based approaches represent simple and rapid methods to measure, for example, the total and integrated forms of HIV DNA [10] [11] [12] [13] , and have been widely used to study both circulating cellular populations and also disrupted tissue biopsies [14, 15] . Such techniques have identified specific anatomic locations, including the gut-associated lymphoid tissues, and cell populations, such as transitional memory (TTM) and central memory (TCM) CD4+ T cells, as preferential sites of HIV integration [14, 15] . In contrast to measures of integrated DNA, inducible infectious virus was detected after reactivation from the TCM, but rarely the TTM, by the quantitative viral outgrowth assay (qVOA) [16] . While further studies are necessary, these apparent discrepancies may be explained by the nature of the reservoir measured by these different techniques. Assays quantifying HIV DNA, such as PCR, cannot discriminate between intact or defective proviral sequences and, therefore, may vastly overestimate the size of the replicationcompetent reservoir in these populations [17] . At the other end of the scale, results obtained using qVOA represents a minimal estimate, as multiple rounds of stimulations might be needed for reactivation [8] and replication-competent viruses in vivo may not be able to spread in vitro. For the evaluation of cure strategies, these techniques could thus either mask an achieved cure by detecting defective HIV sequences, or miss replication-competent reservoirs that could be reactivated in vivo, but may not respond to stimulation in vitro. These subtleties illustrate the need for tools that can identify and distinguish different forms of HIV reservoirs to better estimate replication competence.
To determine the contribution of different cell populations to the reservoir, the techniques described above require cell suspensions to be first sorted, based on phenotypic markers, before analysis. The measured HIV reservoir size therefore represents a population-level value; it does not provide information about the heterogeneity within the studied cell pool and the specific anatomic location. Furthermore, this requirement for sorting limits the number of populations that can be analyzed concurrently and is not practical for rare subsets. Therefore, approaches that can detect and characterize the HIV reservoir at a single-cell level, either in heterogeneous, mixed cell suspensions or in situ, are required.
Given these caveats, imaging techniques, including flow cytometric and microscopic approaches, have been pursued as powerful strategies for the detection and characterization of HIV reservoirs in the context of cure research. Here, we detail techniques that allow the visualization of HIV at the proviral DNA, RNA, or protein level in single cells, individual tissues, or throughout the body (see Fig. 1 and Table 1 transcription-and translation-competent reservoir cells that are spontaneously producing viral products in the absence of stimulation, this provides an understanding of only one aspect of the reservoir. Further studies must build upon this work to investigate latently infected cells, which are transcriptionally/ translationally silent but are able to produce infectious viral particles upon stimulation. Understanding the reservoir on this level will help develop, evaluate, and monitor HIV cure strategies in vitro and in vivo.
Visualization of HIV at the Single-Cell Level
The detection of viral proteins, such as Gag, by specific antibody staining followed by flow cytometric analysis has been a valuable tool to study HIV infection at the single-cell level in vitro, where the frequencies of cells actively translating HIV protein is high. In contrast, HIV-infected cells in virally suppressed ART-treated subjects are exceedingly rare (minimal estimated frequency of one replication-competent cell in a million resting CD4+ T cells by qVOA [7] ). Due to a high false-positive rate, Gag protein staining alone cannot be used to accurately quantify the translation-competent reservoir at frequencies lower than 1000 cells per million, masking the true HIV-infected cell pool [19••] . Indeed, proviral HIV DNA was detected in only 10% of HIV Gag protein + cells sorted from ART-treated subjects [28] . Therefore, new approaches have been developed recently that combine the detection of Gag protein with a second marker for HIV infection, and thus can overcome this false-positive rate [18•, 19, 20•] .
One such approach combines the detection of cells expressing Gag protein with the downregulation of CD4, a wellcharacterized feature of HIV infection [18•] . For this approach, the O'Doherty lab used a microscopy technique originally developed for the detection of rare circulating tumor cells [29, 30] known as FAST (Fiber-Optic Array Scanning Technology). Briefly, cells isolated from ART-treated HIVinfected individuals and analyzed directly ex vivo without stimulation are stained with antibodies, placed on microscopy slides, and automatically laser-scanned for Gag expression. Gag-expressing cells are then re-imaged by automated digital microscopy for CD4 internalization. This two-step process limits the false-positive detection rate [18•] , and enabled the quantification of rare circulating cells (0.33 to 2.7 cells per million PBMCs) spontaneously producing Gag protein in the periphery of HIV-infected donors on ART [18•] . Further work is required to determine if this approach can be applied to the quantification of latent translation-competent HIV reservoir cells after LRA treatment in vitro and in vivo.
As CD4 downregulation requires the function of viral proteins Nef, Vpu, and Env [18•, 31-36] , the loss of surface CD4 provides indirect information about the integrity of the infecting proviruses. Thus, this approach quantifies infected cells that are able to translate multiple HIV proteins. We suggest that such cells are substantially more likely to contain intact replication-competent proviruses, when compared to cells identified based on detection of integrated HIV DNA only. Therefore, results obtained with this technique will be-despite a slight overestimation-a closer estimate to the true HIV reservoir size. While powerful, this approach enables only a limited characterization of reservoir cells as a maximum of four markers (in addition to Gag and CD4) can be analyzed. Furthermore, access to the FAST microscopy technology is limited, which constrains the use of this technique.
Building on this concept of single-cell detection of the reservoir, flow cytometry-based approaches also allow singlecell analysis. However, the technology has the additional advantages of being widely available and of further enabling high-throughput, multiparametric characterization of the reservoir. One such flow cytometry-based approach utilizes Gag protein staining combined with the detection of vRNA by RNA flow FISH (fluorescent in situ hybridization) [19, 20•] . Original versions of this approach were able to identify cells containing HIV mRNAs by flow cytometry for the first time, but were limited by high false-positive detection rates [37] [38] [39] [40] . A more recent iteration, developed by our group in collaboration with Affymetrix (commercially available as the PrimeFlow™ Assay from Thermo Fisher), attempts to overcome this by using multiple oligomeric probes that hybridize in pairs to the target RNA of interest [41] . Only two adjacently bound probes can be subsequently recognized by the branched-DNA amplification system, which reduces the probability of off-target binding. In studies by our laboratory, GagPol vRNA was targeted because it is highly abundant within an infected cell and its sequence is relatively well conserved between primary isolates [43] . Furthermore, its length enables binding of a high number of probe pairs, increasing the probability of vRNA detection despite possible sequence variation that might prevent some pairs from recognition. The flow-cytometric detection of GagPol vRNA+ cells allowed HIV transcription in response to latency reversal to be studied in in vitro infection models [21•] . However, we and others found that the false-positive rate observed with GagPol probes precluded the identification of the low frequencies of events (< 1000 events/million), which would be predicted in clinical samples [19••, 21•] . In an attempt to overcome this, a recent study utilized a different probe set, with reported higher specificity than previously used sets [22••] ; nevertheless, false-positive GagPol vRNA+ events were still identified in HIV-negative individuals. Therefore, in this study, the frequency of false-positive events detected in HIV-negative individuals was subtracted from the total number of GagPol RNA+ events detected in HIV-infected subjects [22••] . Although this provided an estimate of the true frequency of the transcription-competent cells-assuming a constant background rate throughout all HIV-negative and HIV-infected donors tested-this approach limits the characterization of the infected cell population, due to the contamination with false-positive events.
As an alternative approach, we and others combined the detection of both HIV GagPol RNA and Gag protein. RNA+/Gag+ per million CD4+ T cells were detected. This frequency is 2 log-fold lower than the reservoir size measured by PCR for HIV DNA in the same cohort, presumably as cells containing a provirus deficient for GagPol transcription and Gag translation would not be detected in the HIV RNA/Gag assay [19••] . However, it should be noted that the cellular reservoirs detected with the HIV RNA/Gag assay could include cells containing a provirus with point mutations/deletions in Gag that do not prevent translation, or defects in other viral proteins. Nevertheless, despite this possible overestimation, the frequency of HIV RNA+/Gag+ cells was only slightly higher than that compared to the minimal estimate obtained with qVOA (~1.4 infectious units/million CD4+ T cells detected in the same cohort, a 3.6-fold difference) [19••] . Thus, the detection of the translation-competent reservoir through detection of both vRNA and HIV proteins provides an alternative approach to narrow down estimates of the true size of the reservoir.
Importantly, as these approaches are flow cytometry based, they can be used to identify and phenotype in detail single cells supporting viral replication or containing a translationcompetent provirus that respond to LRA stimulation in vitro in clinical samples. Flow-based techniques were used to assess the ability of well-known LRAs such as romidepsin [22• •] (a histone deacetylase inhibitor [44] ) and bryostatin and ingenol [19• •] (both protein kinase C (PKC) agonists [45, 46] ) to reactivate the latent HIV reservoir in vitro. While both PKC agonists reactivated proviruses in similar frequency of CD4+ T cells, and in all donors tested, ingenol reactivated proviruses mainly in TCM/TTM CD4+ cells, while the majority of bryostatin-reactivated cells had a TEM phenotype. This suggests that cellular subsets might respond differently to distinct LRAs [19••] . Further studies are required to investigate whether combinations of multiple LRAs will be potent and broad enough in specificity to reactivate sufficient fraction of the latent HIV reservoir to make a cure achievable.
As the RNA flow FISH assay is highly adaptable to other viral RNAs, it provides a powerful tool to further study cure strategies at the single-cell level, in both Simian immunodeficiency virus (SIV)-infected non-human primate models and HIV-infected subjects. Notably, single-cell studies for viral reactivation thus far have focused on CD4+ T cells from peripheral blood. As the frequency of infected cells is thought to be higher in tissue [47] , FAST and RNA flow FISH will be important tools for the evaluation of tissue reservoirs. Importantly, such studies will indicate if results obtained from peripheral blood CD4 T cells mirror latency reversal mechanisms in tissues. One limitation however is that for both of these approaches, samples need to be disrupted to obtain a single-cell suspension for analysis. Although this allows high-throughput investigations, important spatial information related to the anatomic localization of the viral reservoir within the tissue is lost. Thus, in situ microscopic techniques could act as complementary tools to comprehensively characterize tissue reservoir.
Visualization of HIV at the Tissue Level
Given these points, classical in situ hybridization (ISH) methods have been adapted to detect HIV or SIV in anatomically intact tissue samples from infected subjects or nonhuman primate models, respectively, as the access to human tissue samples is limited [23, 48, 49] . vRNA sequences are targeted by specific probes that can be radiolabeled for visualization. Alternatively, probes can be labeled with biotin or digoxigenin, and detected with a fluorescent or enzymatic approach to avoid the requirement for radioactive material [49] . However, these chromogenic detection methods have shown a lower sensitivity than radiolabeled probes. Combining this method with immunofluorescence or immunohistochemistry staining for cellular markers has allowed the phenotypic and spatial analysis of HIV/SIV-infected cells at the single-cell level directly within the tissue. Such studies thus contributed to important findings related to viral tissue dissemination, such as the spread and establishment of productive infection from vaginal tissue to lymph node over time during early infection [50] , and identified principal anatomic sites of high-level replication such as the lymphoid tissue and gut [48, 51, 52] . Crucially, the majority of this work has been performed in the context of untreated viral infection.
During long-term ART, the frequency of actively transcribing vRNA+ cells in the lymphoid tissue is dramatically reduced compared with untreated infection (for example, by9 9% in lymphoid tissue after 6 months of ART) [23, 25••, 26 ••]. Nevertheless, rare vRNA+ cells can still be detected in tissue from ART-treated donors by ISH; such ongoing viral transcription has been correlated with low antiretroviral drug concentrations in these sites [24, 26••] . In addition to the classical CD4 T cell reservoir, in lymphoid tissues a proportion of these vRNA+ cells may represent virus persisting in different cell populations [24] . Indeed, during both untreated and ARTtreated infection, trapped viral particles have been identified in the follicular dendritic cell (FDC) network [23, 48] . However, it remained unclear whether the FDCs in these networks were infected, and therefore contained viral DNA, or were acting as stores of free virus. As standard ISH approaches were not sensitive enough for the detection of proviral HIV DNA, PCR amplification of the target DNA sequences directly on the tissue section was combined with hybridization of the amplified sequences using radiolabeled probes (PCR-in situ or PCR-ISH) [53] . Using this approach, it was demonstrated that FDCs retain infectious virus but are not actually infected; they are positive for vRNA but negative for vDNA or spliced vRNA [48, 54] . Such findings would have been missed with single-cell techniques analyzing disrupted tissue samples, due to the challenges of isolating FDCs from lymphoid tissue [55] .
Due to the marked decrease in viral burden on ART, many tissue sections need to be screened in order to quantify rare infected cells. Conventional ISH assays, as described above, are time-intensive as the detection of low copy numbers requires long exposure times or prior sequence amplification, thus limiting the application of this approach to cure studies. Recently, the RNAscope assay was developed to overcome these limitations. This approach uses the same principle as the RNA flow FISH technique described previously based on the recognition of pairs of target probes by branched DNA amplifiers, which was indeed originally developed for microscopy [41] . Adapted for the detection of SIV vRNA, this assay showed a sensitivity and specificity comparable to the techniques described above, with a false-positive detection rate of one vRNA+ cell per million cells analyzed [25••] . Importantly, the Scope technique enabled the detection of single vRNA sequences in a short time and could also be used to reliably identify single vDNA sequences with improved spatial resolution and without prior sequence amplification. In addition, both vRNA and vDNA can be visualized concurrently [25••] . It is important to note, however, that the detection of vDNA+ cells provides-similar to PCR methods described above-a maximal estimate of the HIV reservoir as defective sequences as well as unintegrated forms are included for detection. Regardless, this dual RNA/DNAscope technique confirmed the key role of the B cell follicles as a substantial tissue reservoir, due to the persistence of both HIVinfected mononuclear cells with or without active viral transcription and virus trapped in the FDC network [25••, 48, 56] . These findings highlight the need for drugs that can efficiently penetrate tissue sites, but also demonstrates that alternative strategies may be needed for the eradication of the virus trapped on FDCs in B cell follicles.
Although previous studies have focused on the detection of infected cells spontaneously transcribing vRNAs, Scope assays will be valuable tools to evaluate viral reactivation and eradication strategies in situ. Combined imaging of the viral reservoir together with virus-specific immune cells, for example, using in situ tetramer staining techniques [57] , could provide valuable information about the effectivity of both HIV reservoir-targeting and immune system-enhancing strategies in vivo. As confocal microscopy is limited by the number of parameters that can be analyzed concurrently, Scope techniques could be used in combination with histocytometry for multiparametric analysis without losing spatial information [58] .
Visualization of HIV at the Whole Organ/Body Level
The RNA/DNAscope technique provides important spatial information regarding the intra-tissue localization of HIV/ SIV reservoirs, but can also be used to infer total tissue viral burdens [26••] . To achieve this, in a recent study, the frequency of vDNA+ or vRNA+ cells was determined per gram of analyzed tissue, then the number of total infected cells calculated from the weight of the analyzed organ [26••] . This approach confirmed lymphoid tissue as a main contributor to the whole-body SIV reservoir during ART, but also identified transcription-competent reservoirs in other organs such as brain, lung, and heart. Applying this strategy to HIV-infected donors on ART, this technique provided an estimate of~10 5 vDNA+ cells per gram of lymphoid tissue and, based on the assumption that 5% of vDNA+ cells are replication-competent [8] , a total body burden of~4 × 10 8 replication-competent HIV-infected cells [26••] . However, with this type of analysis, preselection of specific tissues of interest and the potential for sampling error may lead to biases. Furthermore, the invasive nature of tissue analysis prevents longitudinal imaging of the same subject, for example during a course of treatment. With these caveats in mind, non-invasive full body imaging methods could provide an unbiased and more encompassing view of HIV reservoir sites in the body, despite a limited anatomical spatial resolution.
Initial iterations of this approach utilized animal models infected with SIV or HIV constructs expressing reporter molecules detectable by body-scanning devices [59] . To apply this concept to HIV-infected humans and avoid the use of reporter viruses, the Villinger laboratory adapted a technique developed for the monitoring of cancer therapies [60] . Wholebody Env expression was monitored in SIV-infected non-human primates, using radionucleotide-labeled SIV gp120-specific antibodies and detected by positron emission tomography (PET) [27••] . This approach enabled viral dissemination to be followed in untreated SIV infection, and importantly identified previously unconsidered or underestimated sanctuary sites in ART treatment, such as the nasal lymphoid tissue and lung. While this approach has not yet been applied to HIV-infected humans, its potential application for the noninvasive monitoring of cure strategies is clear. However, further work is required to determine if the PET-based approach is sensitive enough to detect the lower frequencies of translation-competent viral reservoirs in the context of HIV and ART. Importantly, and as expected, the antibodies used were not able to breach the blood-brain barrier; therefore, this approach cannot be used to study an important HIV reservoir site [61] .
Future Directions
Recent developments in microscopic and flow cytometric assays have overcome technical limitations that previously prevented the sensitive and specific detection of HIV in cells and tissue. Further advancements will continue to build upon already existing techniques or develop new assays to study new or more detailed aspects of the viral reservoir. For example, BaseScope is a recent advancement based on the RNAscope technique, and may allow sensitive and specific detection of RNAs using only one probe pair (commercially available from ACD/Bio-Techne). Although this concept has not yet been tested in the context of HIV reservoir studies, this assay could potentially be used for the detection of multiply spliced vRNAs in situ as a surrogate marker for replication competence at baseline and after reactivation of the latent reservoir.
We have focused here on the flow cytometric advances that have enabled multiparametric, single-cell analysis of HIV-infected cells. However, small particle imaging, an emerging field, could visualize HIV at the single virus level. Previously, this approach required custom-made cytometers sensitive enough to capture small particles; however, the newly developed flow virometry technique overcomes this limitation [62] . HIV particles are detected with Env-specific antibodies coupled to magnetic nanoparticles. These nanoparticles can be detected by commercial flow cytometers, thus enabling quantification and phenotypic characterization of single viral particles in supernatants, body fluids, or tissues [62] . Importantly, this assay allows to distinguish between viral particles with nonfunctional or functional Envs [63] . This assay could provide additional complementary information to study viral reactivation after LRA stimulation at both the cellular, and viral, level.
Conclusion
Here, we highlight recently developed tools for the sensitive and specific visualization of the HIV reservoir at single-cell, tissue, and body levels. The majority of these techniques rely on the detection of vRNA and/or viral proteins, thereby providing a closer estimate for replication competence compared to classical reservoir measurements based on vDNA detection only. By providing a detailed insight into the phenotype and anatomic localization of single HIV-infected cells, such techniques support the development, evaluation, and monitoring of optimal HIV cure strategies in vitro and in vivo.
